[1] The seafloor is characterized by numerous seamounts and oceanic islands which are mainly volcanic in origin. Relatively few of these features (<$0.1%), however, have been dated, and so little is known about their tectonic setting. One parameter that is sensitive to whether a seamount formed on, near, or far from a mid-ocean ridge is the elastic thickness, T e , which is a proxy for the long-term strength of the lithosphere. Most previous studies are based on using the bathymetry to calculate the gravity anomaly for different values of T e and then comparing the calculated and observed gravity anomaly. The problem with such an approach is that bathymetry data are usually limited to single-beam echo sounder data acquired along a ship track and these data are too sparse to define seamount shape. We therefore use the satellite-derived gravity anomaly to predict the bathymetry for different values of T e . By comparing the predicted bathymetry to actual shipboard soundings in the vicinity of each locality in the Wessel global seamount database, we have obtained 9758 T e estimates from a wide range of submarine volcanic features in the Pacific, Indian, and Atlantic oceans. Comparisons where there are previous estimates show that bathymetric prediction is a robust way to estimate T e and its upper and lower bounds. T e at sites where there is both a sample and crustal age show considerable scatter, however, and there is no simple relationship between T e and age. Nevertheless, we are able to tentatively assign a tectonic setting to each T e estimate. The most striking results are in the Pacific Ocean where a broad swath of ''on-ridge'' volcanism extends from the Foundation seamounts and Ducie Island/Easter Island ridge in the southeast, across the equator, to the Shatsky and Hess rises in the northwest. Interspersed among the on-ridge volcanism are ''flank ridge'' and ''off-ridge'' features. The Indian and Atlantic oceans also show a mix of tectonic settings. Off-ridge volcanism dominates in the eastern North Atlantic and northeast Indian oceans, while flank ridge volcanism dominates the northeastern Indian and western south Atlantic oceans. We have been unable to assign the flank ridge and off-ridge estimates an age, but the on-ridge estimates generally reflect, we believe, the age of the underlying oceanic crust. We estimate the volume of on-ridge volcanism to be $1.1 Â 10 6 km 3 which implies a mean seamount addition rate of $0.007 km 3 yr À1 . Rates appear to have varied through geological time, reaching their peak during the Late/Early Cretaceous and then declining to the present-day.
Introduction
[2] The seafloor is characterized by numerous oceanic islands and seamounts, yet little is known about their tectonic setting. There are many age estimates from field mapping on ocean islands, dredging on the flanks of seamounts, and scientific drill sites in guyot tops and nearby moat areas. However, the number of sample ages is small (a few hundred) compared to the total number of seamounts, which by some accounts [Menard, 1964] exceed a few hundreds of thousands.
[3] One parameter that may be sensitive to the tectonic setting of a seafloor bathymetric feature is the elastic thickness of the lithosphere, T e , which is a proxy for its long-term strength. Watts [1978] suggested that oceanic T e depends on the thermal age of the lithosphere at the time of load emplacement and is given approximately by the depth to the 450°C isotherm based on the plate cooling model, a result that has generally been confirmed in subsequent papers [e.g., Caldwell and Turcotte, 1979; Calmant et al., 1990; Lago and Cazenave, 1981; Wessel, 1992; Watts and Zhong, 2000] .
[4] Watts et al. [1980] used the dependence of T e on age to estimate the tectonic setting of $100 seamounts in the Pacific, a number of which had not been previously sampled. Subsequent studies used T e to determine tectonic setting not only in the Pacific [Manea et al., 2005] , but in the Indian [Krishna, 2003] and Atlantic oceans [Zheng and Arkani-Hamed, 2002] . However, the total number of such estimates is small compared to the number of seamounts in the world's oceans.
[5] A number of different methods have been used to estimate T e . These include seismic studies to measure the surfaces of flexure [e.g., Watts and ten Brink, 1989] and geomorphic studies of the vertical motions associated with flexure [e.g., McNutt and Menard, 1978] . The largest number of estimates, however, has come from forward modeling of the geoid and gravity anomaly. By using a transfer function technique to calculate the anomaly due to the bathymetry and its isostatic compensation and comparing them to the observed anomalies, it has been possible to estimate T e at a number of oceanic islands and seamounts in each of the world's main ocean basins [Calmant et al., 1990] .
[6] The problem with previous gravity modeling approaches is that they have often been applied to ship track sounding data or grids of data that are usually too sparse to fully define the shape of a seamount. As a result, certain assumptions have had to be made in the modeling about the shape of a seamount and whether it is twodimensional (2-D) or 3-D, which as Filmer et al. [1993] have shown may significantly bias T e .
[7] An alternative approach is to use the global satellitederived geoid or gravity anomaly, which contains information on the shape of seamounts, to predict the bathymetry for different values of T e and compare it to observations [e.g., Goodwillie and Watts, 1993] . Bathymetric prediction requires, however, implementation of an inverse transfer function. This function grows rapidly at long wavelengths because of isostasy and at short wavelengths because of the attenuation in the geoid or gravity anomaly with increase in water depth. Hence a small error in the gravity anomaly will map into a large error in predicted bathymetry at these wavelengths.
[8] Dixon et al. [1983] , Watts et al. [1985] , and Goodwillie and Watts [1993] therefore shaped the function in such a way so as to suppress the shortest and longest wavelengths before applying it. By using the geoid derived from satellite altimetry to predict bathymetry they were able to estimate T e in a range of tectonic settings in the Indian and Pacific oceans.
[9] A different application of the inverse technique is the one by Smith and Sandwell [1994a] , who used it as a basis to predict bathymetry from satellite gravity anomaly data. They used specially designed filters to shape that part of the inverse transfer function wave band in the range 15 -160 km, which was only weakly dependent on T e . Single ship track echo sounder and multibeam swath bathymetry data were then used to define the bathymetry outside of this wave band.
[10] Smith and Sandwell [1994b] extended the prediction wave band so as to calculate bathymetry for different values of T e . They used a wave band in the range 15-1000 km. This range was sufficiently long to overlap the ''diagnostic wave band'' of lithospheric flexure, as defined by Watts [1983] . By comparing observed and predicted bathymetry in the Atlantic and Pacific oceans south of 30°S (where dense satellite-derived gravity data were then available), they were able to constrain T e at a number of bathymetric features, including the Louisville Ridge, Walvis Ridge, and Foundation seamounts.
[11] The first detailed application of the inverse technique was the one by Lyons et al. [2000] to satellite gravity anomaly data over the Louisville Ridge. They selected the ridge because previous modeling authors [e.g., Cazenave and Dominh, 1984; Watts et al., 1988] had made different assumptions about its shape and, as a result, yielded conflicting results. Lyons et al. [2000] showed that the inverse technique helped reconcile the previously published results and that T e was generally low (8 -15 km) along the southeastern ridge, south of the Wishbone scarp, and high (23 -27 km) to the northwest of it.
[12] The purpose of this paper is to use the global satellite gravity anomaly, together with the inverse transfer function technique of predicting bathymetry, to estimate T e at selected oceanic islands, seamounts, banks, and rises in each of the world's main ocean basins. Our main aim is to estimate T e at a greater number of bathymetric features than has been possible in the past and then to use these estimates as a constraint on the distribution of submarine volcanism through space and time.
Theory
[13] The gravity anomaly, G(k), associated with seafloor topography, B(k) can be written [e.g., McKenzie and Bowin, 1976] 
where k is the magnitude of the wave vector k (k = (k x 2 + k y 2 ) 1/2 ), k = 1/l, where l is wavelength, and Z(k) is the transfer function that modifies the topography so as to produce the gravity anomaly.
[14] Z(k) contains information on the state of isostasy and can either be estimated from the free-air gravity anomaly and bathymetry data or calculated for different models of isostasy. For example, Z(k) for the elastic plate (flexure) model of isostasy is given [Watts, 2001] by where G is gravitational constant, d is mean water depth, r c is density of the seafloor topography, r w is density of seawater, r i is density of the material that infills the flexure, r 2 is density of the upper crustal layer, r 3 is density of the lower crustal layer, r m is density of the mantle, t 2 is thickness of upper crustal layer, t 3 is thickness of lower crustal layer, and F(k) is given by
where g is acceleration due to gravity and D is flexural rigidity. D is related to the elastic thickness of the plate, T e , by
where E is Young's modulus and v is Poisson's ratio.
[15] Usually in T e estimation, the gravity anomaly is computed from the observed bathymetry and compared to the free-air gravity anomaly. T e is found as the value that best explains the amplitude and wavelength of the gravity anomaly. However, as Dixon et al. [1983] , Watts et al. [1985] , Smith and Sandwell [1994b] , Lyons et al. [2000] and Goodwillie and Watts [1993] have all demonstrated, T e may also be estimated by predicting the bathymetry from the gravity (or geoid) anomaly and comparing it to the observed bathymetry. This can be accomplished using
where Z
À1
(k) is the inverse transfer function that modifies the gravity (or geoid) anomaly so as to produce the bathymetry.
[16] Figure 1 shows the functional form of Z(k) and Z
(k) for 0.001 < k < 0.100 and a range of assumed T e , d, and r c values. Other parameters are given in Table 1 . Figure 1 shows a strong dependence of Z(k) and Z
(k) on T e . Z(k) increases in amplitude and shifts to longer wavelengths as T e increases while Z
(k) decreases in amplitude and shifts to longer wavelengths; r c and d have a smaller overall effect and their main influence is on the amplitude of the transfer functions.
[17] Z(k) and Z À1 (k) are distinguished by their behavior at long and short wavelengths. Z(k) ! 0 at long wavelengths because of isostatic compensation and at short wavelengths because of upward continuation from the source at the seafloor to the observation point on the sea surface: an effect that increases as k ! 1/d. This behavior causes Z
(k) to grow rapidly at these wavelengths. Before applying Z À1 (k), it is therefore necessary to first shape the function in such a way so as to suppress the longest and shortest wavelengths.
[18] We follow here the ''window carpentry'' method of Sandwell [1994b, 1997] . They intentionally excluded the diagnostic wave band of flexure: predicting the bathymetry using only the portion of the gravity anomaly spectrum that is shorter than the diagnostic wave band. Smith and Sandwell [1994b] chose not to honor actual shipboard soundings, but to use them to calibrate the predictions based on the inverse technique. The reason for this was that they were working with satellite-derived gravity anomaly data south of 30°S where there was little shipboard data. Smith and Sandwell [1997] later revised the method to include shipboard data because they were able to obtain more data, better edit the data they had, and extend the coverage to 72°N and 72°S. Thus their bathymetric predictions since 1997 specifically include shipboard data where available.
[19] Our aim in this paper is to estimate T e by including the flexural wave band that was intentionally excluded by Sandwell [1994b, 1997] . We will determine T e by minimizing the root-mean-square (RMS) difference between the predicted bathymetry based on different values of T e and actual shipboard soundings, omitting all locations that have no soundings. In other words, bathymetric predictions including T e are fit to actual shipboard sounding data, not to predictions that do not include T e .
[20] We chose two filters for our analysis, W 1 (k) and W 2 (k). W 1 (k) is a high-pass filter designed to reduce Z
(k) to zero at long wavelengths. Smith and Sandwell [1994a] chose W 1 (k) to remove the flexure wave band, and so we use here a different W 1 (k), with a high and low cut wavelength of 571 and 804 km, respectively, to retain that band. With these values, W 1 (k) = 0.5 when k À1 = 675 km. W 2 (k) is a low-pass filter designed to reduce Z À1 (k) to zero at short wavelengths. Smith and Sandwell [1994a] chose a Wiener filter since such a filter is most effective in the high wave number band where there is an exponential growth in Z
(k) due to water depth. We chose a value of A, the filter constant, of 3900 km 4 which is a smaller than the 9500 km 4 assumed by Smith and Sandwell [1994a] because of lower noise levels in the more recent altimeter data . With this value, W 2 (k) = 0.5 when k À1 = 12.5 km, for water depths of 3 km. The inverse transfer function after it has been modified by the combined filter Figure 1 as a solid line in the upper profiles of each panel.
Nonlinear Terms
[21] The functions discussed so far are based on a linear admittance theory and so ignore the effect in the expansion of the gravity anomaly of high-order terms in the seafloor topography and its isostatic compensation [Parker, 1972] . As a number of workers have pointed out [e.g., McNutt, 1979; Ribe, 1982; Smith et al., 1989; Lyons et al., 2000] , such terms may contribute significantly to the gravity anomaly. Lyons et al. [2000] , for example, showed that while high-order terms in the topography of the top and bottom of the flexed crust contribute in a negligible way to the gravity anomaly, the contribution to the gravity anomaly of high-order terms in seafloor topography is significant, especially on the crests of tall, steep-sided, low T e , seamounts where it can exceed 60 mGal.
[22] In order to better understand the effect, we computed the gravity anomaly associated with a synthetic, Gaussianshaped, seamount in two ways, one using only the first (linear) term (n = 1) and the other including higher-order effects. We then used Z
À1
(k) to estimate T e from both the linear and higher-order versions of the gravity anomaly. Figures 2a and 2c shows that if n = 1 then window carpentry recovers the shape of the input seamount well. However, if n = 4 the amplitude of the gravity anomaly increases and the amplitude of the predicted bathymetry exceeds the input bathymetry (Figures 2a and 2b) . The effect on the recovery of T e is shown in Figure 2d . Figure 2 shows that while the . Other model parameters are as defined in Table 1 . Bottom profiles show the admittance, Z(k). Top profiles show the inverse admittance, Z(k)
À1 . The inverse admittance has been tapered at long wavelengths using a cosine filter and at short wavelengths by a Weiner filter [Smith and Sandwell, 1994a] . 
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[23] These considerations suggest that the linear inverse transfer function technique may overestimate T e . However, this depends on whether the satellite-derived gravity anomaly field used to predict bathymetry recovers the high-order terms. Closely spaced ship surveys using GPS navigation and modern shipboard gravimeters would be expected to fully recover the gravity anomaly over the crest (and flank) Figure 2 . Synthetic tests that use the admittance functions in Figure 1 to calculate the gravity anomaly and predict the bathymetry at a flexurally compensated Gaussian-shaped seamount. (a) ''Output'' bathymetry based on Z(k) À1 and the gravity anomaly in Figure 2b . The output bathymetry for n = 1 is the same as the input bathymetry. The output bathymetry for n = 4 differs, however, from the input bathymetry. This is because Z(k)
À1 is based on a linear, first-order, theory. (b) Gravity anomaly based on T e = 5 km (i.e., on ridge) and T e = 25 km (i.e., off ridge) and n in the Parker [1972] expansion of 1 (solid lines) and 4 (dashed lines). (c) ''Input'' bathymetry used to calculate the gravity anomaly. (d) The rootmean-square (RMS) difference between input and output bathymetry for T e of 5 and 25 km and n of 1 and 4. The effect of the higher-order terms is to overestimate T e by up to 2.5-5.2 km. of a seamount. However, the satellite-derived gravity anomaly is based on altimetry that may not be of sufficient resolution to recover the high-order terms.
[24] That this may be the case is seen at Wahoo guyot (Puka Puka Ridge) in the central Pacific Ocean (Figure 3) . The guyot has been extensively surveyed with multibeam bathymetry [Sandwell et al., 1995] . We used the multibeam data to construct a 2 Â 2 minute bathymetry grid and then used the grid to calculate the gravity anomaly due to the seafloor topography and its compensation. We assumed a T e = 1.9 km which is similar to the value estimated by Goodwillie [1995] . Figure 3 shows that while the calculated gravity anomaly with n = 1 explains well the amplitude and wavelength of the satellite-derived gravity anomaly it fits poorly the shipboard gravity anomaly data. These data are fit well, however, by the calculated gravity anomaly with n = 4, suggesting that even the most recent satellitederived gravity fields may not be able to fully recover the higher-order terms.
[25] Wahoo guyot, with its high pedestal height and narrow edifice, is probably a worse case situation as regards the high-order terms. Most other seamounts in the Pacific are smaller and so the contribution to the gravity anomaly of these terms would be expected to be smaller. We have therefore not removed the higher terms in the satellite- Figure 3 . Comparison of the ''observed'' gravity anomaly recovered from satellite altimeter data to the calculated anomaly based on a grid of shipboard measurements over Wahoo Guyot, Puka Puka Ridge. The inset shows a bathymetry map (contour interval 200 m) based on Figure 3c of Sandwell et al. [1995] . (bottom) Shipboard bathymetry measurements (solid circles) and the bathymetry derived from a grid of the measurements (solid line). (top) Observed gravity anomaly based on the satellite-derived V14.2 gravity field of Sandwell and Smith [1997] (thick red solid line) and shipboard measurements (solid circles), and the calculated gravity anomaly based on the shipboard grid, T e = 1.9 km and higher-order terms of 1 (thin solid line) and 4 (dashed line). The calculated gravity anomaly for n = 4 agrees well with the shipboard measurements but poorly with the satellite-derived gravity data. This, in turn, suggests that V14.2 may not have sufficient resolution to resolve the higher-order terms.
derived gravity field before inverting it for bathymetry as Lyons et al. [2000] did, for example, in their study.
Method
[26] In their study, Lyons et al. [2000] used rectangular 1000 Â 1000 km analysis regions centered on the crest of the Louisville Ridge. They estimated T e in each region from the RMS difference between the observed and predicted bathymetry, selecting the best fit T e as that value at the RMS minimum. Since we are concerned in this paper with global T e estimation, we have modified their technique so that it may be used more efficiently.
[27] We first separated the satellite-derived gravity anomaly (V14.2) and the predicted bathymetry (V8.2) grids of Smith and Sandwell [1997] into their low-pass and highpass components using a cosine taper between spherical harmonics 50 and 70, corresponding to wavelengths of 571 and 806 km, respectively. These wavelengths were selected in order to isolate that part of the gravity anomaly and bathymetry spectrum that is dominated by lithospheric flexure from the part that is associated with deep processes, such as those associated with mantle convection.
[28] The main computational steps have been described by Sandwell [1994a, 1997] and so will only be briefly outlined here. The first step is to downward continue the high-pass satellite-derived gravity grid in constant water depth increments of 1 km from 0-6 km. Then, the gravity anomaly at a particular grid cell depth is found from the mean depth (which we estimate from the low-pass predicted bathymetry) and the linear interpolation of the filtered highpass gravity. The second step is to use the interpolated highpass gravity, together with the inverse transfer functions, to predict the high-pass bathymetry for different assumed values for the density structure of the crust and T e . The final step is to sum the low-pass and high-pass predicted bathymetry and compare it to observations based on actual shipboard sounding data.
[29] In order to compare predicted and observed bathymetry at a particular location, we used a cosine ''bell'' taper, centered at the locality, to define a weighting function and then calculated the RMS difference between the predicted bathymetry based on different assumed values of T e and the observed bathymetry.
[30] Figure 4 shows an example of the weighting function at two localities in the Line and Hawaiian Islands. We describe the function in terms of a radius, R. With R = 200 km the function has a value of 0.5 at a radius of 100 km. The number of points used in the RMS difference calculation between the predicted and observed bathymetry depends on R, the proximity of the locality to land areas (land areas were excluded), and the available ship track bathymetry coverage. The Line Islands are crossed by relatively few ship tracks and have a small land area while the Hawaiian Islands are crossed by a relatively large number of ship tracks and have a large land area. There is therefore a significantly larger number of comparison points for the locality in the Hawaiian Islands than there is for the Line Islands. Despite this, Figure 4 shows good agreement within both weighted regions (RMS difference between predicted and observed bathymetry of 466.5 m and 467.7 m and correlation coefficient of 0.991 and 0.992 for the Line and Hawaiian islands, respectively). However, the agreement is not perfect. In particular, the predicted bathymetry at the Line Islands locality generally plots below a line with a slope, m, of 1 (i.e., complete agreement between observed and predicted bathymetry) while the predicted bathymetry at the Hawaiian Islands generally plots above it.
[31] The predicted bathymetry shown in Figure 4 is based on an assumed density of the seafloor topography. As was first demonstrated by Nettleton [1939] plots of the free-air gravity anomaly against topography should lie on a straight line with a slope that is related to the density of the topography. Plots of the predicted bathymetry (which has been derived from the free-air gravity anomaly) against the observed bathymetry within the weighted region should therefore also lie on a straight line. A slope of m = 1 would indicate a density of seafloor topography of 2800 kg m À3 , which is the one assumed in the prediction. Other slopes reflect a different density of the seafloor topography. We can calculate this density from
where r c is the assumed density of the seafloor topography, r 0 c is the adjusted density, and r w is the density of water. Figure 1 shows that r 0 c < r c increases Z
À1
(k) and hence the predicted bathymetry for a particular gravity anomaly while a higher density would decrease it. The adjusted density required at the Line and Hawaiian Islands locality is therefore less (2649 kg m
À3
) and more (2965 kg m À3 ), respectively, than the density assumed in the prediction.
[32] Figure 5 shows the RMS difference between predicted and observed bathymetry at the localities in the Line and Hawaiian Islands for different values of R. Both localities show a well-defined RMS difference minimum, although it is better developed in the low T e Line Islands case than in the high T e Hawaiian Ridge case. The reason for this is that as T e increases there is less difference in the flexure and hence a smaller contribution to the gravity anomaly and predicted bathymetry.
[33] We have used the RMS difference minimum, RMS min , to estimate the best fit T e and the value of RMS min * (1 + x) to estimate its lower and higher bounds, where x is a tolerance parameter. Figure 5 shows that decreasing R sharpens the minimum while increasing R broadens it. T e decreases with R, but the bias downward is small. The best fit T e at the Line Islands, for example, decreases from 9.4 7.4
11.6 to 6.7 6.2 7.3 km (x = 0.05) as R is reduced from 400 to 50 km, respectively (see also Table 2 ). The choice of R is inevitably a compromise. It should not be so small that only a few points in the region of a volcanic edifice are used or so large that the flexural effects of nearby seamounts are included. We choose in this study R = 200 km, but we consider the effect of a smaller R, especially at those seamounts that are superimposed on rises, such as those associated with the flexural bulge seaward of deep-sea trenches and midplate topographic swells.
[34] Figure 6 compares the RMS difference between predicted and observed bathymetry at the Line and Hawaiian Islands with other localities in the Emperor seamount chain and the Marquesas Islands. We show two cases: one where the RMS difference has been computed using a constant density and the other where the density is allowed to vary between the limits 2600 to 3000 kg m À3 . Figure 6 shows that while a density adjustment reduces the magnitude of the RMS difference, it also broadens the minimum making it less prominent. The effect on T e varies with different localities. At the Hawaiian and Line Islands, for example, the best fit T e is reduced by 0.2 and 1.1 km, respectively, while at the Marquesas Islands and Emperor seamounts it increases by 0.4 and 1.1 km, respectively (see also Table 3 ).
Validation

Ship Track Data
[35] We first validated the bathymetric prediction technique of recovering T e using data along ship tracks in the Hawaiian Islands region. This is a well-surveyed area with The best fit and lower and higher bound of T e . The best fit T e is defined by the RMS minima. The lower and higher bounds of T e are defined by the points of intersection where the RMS at the minima has increased by x, the tolerance parameter. The best fit T e decreases with R. The decrease, assuming x = 0.05, is 3.4 km for the Hawaiian Ridge and 2.7 km for the Line Islands.
nearly complete bathymetric coverage so our new inverse approach can be compared with the standard forward approach in which the gravity anomaly is estimated from the bathymetry in order to determine if the two approaches provide consistent estimates of T e .
[36] Figure 7 shows the calculated gravity anomaly and predicted bathymetry along two ship tracks that intersect the Hawaiian Ridge between Oahu and Molokai. As has been shown previously [Watts, 1978] , the gravity anomaly in the vicinity of the Hawaiian Islands is a strong function of T e . This is well seen in Figure 7a which compares the observed free-air gravity anomaly along the ship tracks to calculated gravity anomalies based on the GEBCO 1 minute topographic grid and T e = 10, 25, and 50 km. (We used the GEBCO grid rather than the predicted topography grid because it is based only on shipboard data). The best fit based on the RMS difference between observed and calculated gravity anomalies is for T e = 25 km. Figure 7a shows that a lower T e predicts a gravity anomaly that is of too short wavelength and low amplitude compared to the observed anomaly, while a higher value predicts an anomaly that has too long a wavelength and high amplitude.
[37] Figure 7b shows that the dependence of the calculated gravity anomaly on T e extends to the predicted bathymetry. The best fit is again for T e = 25 km. Figure 7b shows that a lower T e predicts a bathymetry that is of too long wavelength and has too large amplitude compared to the observed, while the higher T e predicts a bathymetry that is generally of too short wavelength and has too low amplitude. The difference between the best fit T e and T e = 50 km is not as large in the predicted bathymetry case, however, as it is in the calculated gravity anomaly case.
[38] Figure 8 compares the predicted bathymetry at Hawaii to the Line Islands, Marquesas Islands, and Emperor seamounts. These features also show a strong dependence of the predicted bathymetry on T e . This is best seen with reference to the predicted bathymetry for T e = 16 km (thick solid line). The predicted bathymetry based on this T e at the Line Islands is too short in wavelength and too low in amplitude compared to the observed suggesting T e < 16 km. The predicted bathymetry based on this T e at Hawaii, however, has too long a wavelength and too high an amplitude suggesting T e > 16 km. Only at the Emperor seamounts and Marquesas Islands does T e = 16 km generally account for the observations. These results confirm earlier suggestions that T e must vary spatially in the Pacific.
Previous T e Estimates
[39] During the past three decades, there have been some 25 studies of flexure at oceanic islands and seamounts that have yielded >80 estimates of T e [see Watts, 2001 , and references therein]. There is therefore an extensive database with which to compare our estimates based on bathymetric prediction.
[40] Figure 9 compares the T e from previous estimates with the estimates derived from bathymetric prediction. The previous T e estimates are based on the work by Watts [2001, Table 6 .2]. The T e estimates derived from bathymetric prediction are based on R = 100, 200, and 300 km. We only consider estimates where the difference between the best fit T e and the lower bound is <15 km. This criterion retains a sharp, well-defined, RMS difference between observed and predicted bathymetry minimum and eliminates broad, poorly defined, minimum. The total number of previous estimates is 94, which reduces to 83 (R = 200 km) and 72 (R = 200 km and adjusted density) after application of the criteria. Horizontal bars on the previous T e estimates reflect the published uncertainties. Vertical bars on the T e estimates have been derived from RMS min , assuming x = 0.025. Figure 9 shows generally good agreement between the two sets of estimates. This is despite the fact that the previous T e estimates are based on a wide range of assumptions concerning seamount shape, elastic plate parameters, and the structure of oceanic crust. We found the highest correlation coefficient (r = 0.63) is for R = 200 km and an adjusted density.
[41] One seamount that has been a focus for new T e estimation methods is Great Meteor in the central Atlantic Ocean. This seamount has a smooth flat top, rises $4 km above the surrounding seafloor and is $150 km across at its base. Watts et al. [1975] used an analytical solution of the general flexure equation and ship track gravity data to estimate T e = 18.9 km which compares with the $20.0 km estimate of Verhoef [1984] [Ramillien and Mazzega, 1999] . These latter estimates compare well to our estimate based on bathymetric prediction of 15.5 13.4
18.1 km (R = 200 km). However, Great Meteor is located $20 km from another Cruiser seamount which as Verhoef [1984] demonstrated has a lower T e than Great Meteor. Therefore a better estimate for the Great Meteor seamount might be one that is based on R < 200 km. We found, for example, that T e increases to 16.0 14.6 21.2 km for R = 100 km. Irrespective, the agreement with previous estimates is close, especially when account is taken of the different assumptions that have been made in these studies concerning the elastic parameters, infill density, and density of seafloor topography.
[42] Probably the most direct comparison that we can make between our estimates and previous ones is with those of Lyons et al. [2000] . This study used a similar inverse transfer function method and filter design to the one used here. The main differences are that Lyons et al. [2000] used satellite-derived gravity V9.2 and predicted bathymetry V6.2 and they calculated the RMS difference between the observed and calculated bathymetry in a rectangular window. Figure 9 and Table 4 show that there is a good agreement between our estimates and those of Lyons et al. [2000] .
Seamount Age Data
[43] Previous studies suggest that oceanic T e depends on the age of the lithosphere at the time of loading [e.g., Watts and Zhong, 2000] . Hence there should be some relationship between the T e estimates derived from bathymetric prediction and age at those localities where there is both a sample age and an age for the underlying oceanic crust.
[ [2001] in the Atlantic and Indian oceans. We then used bathymetric prediction to estimate T e at each locality in the database, retaining only those estimates that met the RMS difference shape criteria discussed earlier. The number of estimates obtained was 291, the large majority of which (92%) were from the Pacific Ocean.
[45] Figure 10 shows a plot of T e against age of the oceanic crust at each sample site. Although there is considerable scatter, the data show an upper envelope, which is given approximately by the depth to the 450°C oceanic isotherm, based on the cooling plate model of Parsons and Sclater [1977] . The envelope is indicative of a dependence of T e on age. This is because the T e of a seamount on oceanic crust of a particular age will be equal or less than that of the youngest seamount: older features will have a lower T e because they formed on younger lithosphere. A similar reasoning was used by Wessel [1997 Wessel [ , 2001 ] to explain scatterplots of the free-air gravity anomaly against age .
[46] Figure 11a shows a plot of T e against age of the oceanic crust at the time of loading. Again, the plot shows considerable scatter. Many T e estimates plot outside the expected 300-600°C isotherm range and there is clearly no single controlling isotherm that describes all the T e data. There is evidence, however, of an increase in the minimum and maximum T e values over the first approximately 60 Ma and a weak positive correlation (r = 0.36) between T e and the square root of age.
[47] In an attempt to understand the cause of the scatter in Figure 11a , we have examined the effect on T e of plate age uncertainties and load-induced stress relaxation. Figure 11b shows all the sample sites, except those from the Cretaceous and Jurassic magnetic quiet zones where the age of the oceanic crust is uncertain. Figure 11c shows all the data, except sites with load ages >50 Ma where significant stress relaxation may have occurred. Figure 11 shows that while r decreases to 0.24 in Figure 11b , it increases to 0.44 in Figure 11c . Therefore uncertainties in magnetic quiet zone age are probably not a major contributing factor to the scatter, but load-induced stress relaxation might be. Figure 4 ).
[48] Another possibility are regional variations in, for example, the controlling isotherm. Figures 12a and 12b shows a plot of T e against age for the Pacific oceanic crust at the time of loading for the Koppers et al. [2003] , Davis et al. [2002] , Koppers and Staudigel [2005] , and Clouard and Bonneville [2001] databases. Figure 12 shows that the French Polynesia, Line Islands, Marshall Islands, Gilbert Ridge, and Foundation seamounts (open squares) have a T e that is lower than the expected 300-600°C isotherm range while the Japanese and Cobb/Kodiak seamounts (open triangles) have a T e that is higher. T e at most other sample sites plot within the expected range.
[49] The maps in Figure 12 show the distribution of the sample localities that fall within the expected range, together with the sites that generally have a lower and higher than expected T e . Sites with low T e fall in two main regions. The first is French Polynesia and the Foundation seamounts where previous studies [McNutt and Menard, 1978; Calmant, 1987; Calmant and Cazenave, 1987; Goodwillie and Watts, 1993; Clouard et al., 2003; Maia and Arkani-Hamed, 2002] have already shown that T e is often smaller than expected. The second is northwest of French Polynesia and includes the Line Islands, Gilbert Ridge, and Marshall Islands. There have, unfortunately, been relatively few previous T e studies in these regions. However, Watts et al. [1980] and Smith et al. [1989] also found unusually low T e at various sites in the Mid-Pacific Mountains and Magellan seamounts. The Magellan seamounts are of interest because they backtrack into the Society Island region of French Polynesia [Smith et al., 1989] . Furthermore, they have some of the same geochemical affinities (e.g., Sr-Nd-Pb isotopic signatures) as the South Pacific Isotopic and Thermal Anomaly (SOPITA) [Smith et al., 1989; Staudigel et al., 1991] , as do the Line Islands [Koppers et al., 1998; Davis et al., 2002] . The low T e sites may therefore reflect the anomalous mantle temperatures associated with the SOPITA that persisted for at least 100 Myr.
[50] In contrast, sites with high T e are concentrated around the rim of the Pacific (e.g., the Cobb/Kodiak and Japanese seamounts). There are a number of possible explanations for this. One is that our T e estimates do not reflect the seamounts, but the topographic rise on which they are superimposed. The Cobb/Kodiak and the Japanese seamounts are located, for example, on the flexural bulge seaward of a deep-sea trenches. The width of the bulge is up to 400 -600 km and so its associated gravity effect may not have been removed from the high-pass gravity anomaly that was to predict the bathymetry.
[51] That this may be the case is suggested by our T e estimates at the Cobb/Kodiak seamounts. These seamounts are superimposed on a flexural bulge seaward of the eastern Aleutian deep-sea trench and the Queen Charlotte Trough. Our estimates range from 17.0 14.8 19.9 to 27.1 23.7 32.6 km (R = 200 km) and are closer to the estimates of Harris and Chapman [1994] for the bulge (12 -25 km) than they are to their seamount estimates (2 -5 km). Indeed, when we assume R = 50 km which focuses the comparison more on the seamounts than the bulge, T e decreases to 9.9 8.6
15.6 to 16.8 12.7 30.6 km. These estimates are still not as low as those of Harris and Chapman [1994] , who used a disc shaped load approximation to the bathymetry in their flexure models, but they are more compatible with a near ridge origin for the seamount chain, as suggested by Cousens et al. [1999] .
Results
[52] We have used the satellite-derived gravity anomaly and shipboard bathymetry measurements to estimate T e at each locality in the Wessel [2001] global seamount database. This database was selected because it contains not only locations, but also size information (i.e., height, base radius) that may be used to estimate the volume of individual seamounts.
[53] The Wessel [2001] database yielded a total of 9758 T e estimates ( Figure 13 ). Not all these estimates are independent since we may have sampled the same bathymetric feature more than once. The average density and T e of the sampled features is 2810.6 ± 148.5 kg m À3 and 18.4 ± 11.0 km, respectively. The symmetry in the lower and upper Figure 9 . Comparison of previous estimates of T e to the best fit T e derived from bathymetric prediction. The previous estimates are based on Table 6 .2 of Watts [2001] . The ''best fit'' T e is shown for different values of R and both unadjusted and adjusted density. Table 6 .2 of Watts [2001] . The vertical bars are based on the lower and higher bounds of T e and x = 0.025. The open circles compares our estimates of T e at the Louisville Ridge with those of Lyons et al. [2000] , who used a similar method to the one used here. N is number of comparison points. The correlation coefficient, r, measures how strong a linear correlation exists between the previous estimate and best fit T e .
bounds (Figure 13b ) suggest that the RMS difference between observed and predicted bathymetry is generally well defined and that T e is well resolved. We attribute this to the high number of bathymetry points (average is 2709.3) used to compute the RMS difference and the relatively low RMS difference (average is 336.9 m) at the minimum.
[54] The remaining 2098 localities in the Wessel [2001] database did not yield a T e estimate. The main reason for this is probably the small size of some of the features. For example, there is a factor of 3 higher proportion of small features (i.e., features with a base radius <8 km and height <1.8 km) among the group that did not yield a T e estimate than in the rest of the database. A base radius of <8 km corresponds to a wavelength of <$16 km and most bathymetric features will appear uncompensated and, hence yield no RMS difference minima, at these wavelengths.
[55] Figure 14 shows the global T e estimates which have been color-coded according to their magnitude. Red dots indicate seamounts where 0 < T e < 12 km. This range is similar to that obtained by Cochran [1979] and McNutt [1979] from spectral studies of seafloor topography at slow spreading and fast spreading ridges in the Atlantic and Pacific oceans and is consistent with the results of more recent studies on intermediate spreading ridges in the Indian Ocean [e.g., Krishna, 1997] . We therefore assign seamounts with this T e range an ''on-ridge'' setting, although as Figure 11 suggests, ''near-ridge'' might be a more appropriate description. Blue dots indicate seamounts with T e > 20 km. This lower limit is similar to that obtained by Watts [1978] from spectral studies of seafloor topography along the Hawaiian-Emperor seamount chain. We therefore assign such seamounts an off-ridge setting. The remaining (green) dots correspond to intermediate estimates (12 T e 20 km) and so these seamounts are assigned a ''flank ridge'' setting.
[56] We recognize that such a separation of seamounts into their different settings is arbitrary. This is because each T e estimate has a lower and higher bound and therefore some estimates may overlap between different tectonic settings. Nevertheless, we believe Figure 14 to be a useful guide. Interestingly, the settings change over small horizontal scales, such that an on-ridge or flank ridge seamount maybe located within a few km of an off-ridge one. Furthermore, the same bathymetric feature (e.g., the Ninetyeast and Chagos Laccadive ridges) may be associated with more than one setting.
[57] The Pacific shows the most striking patterns. Of particular note is a broad swath of on-ridge volcanism that extends for >7000 km from the south central Pacific, across the equator, and into the western Pacific. The swath includes (from southeast to northwest) the Easter/Salas y Gomez ridge, the Ducie Island/Easter ridge, the Foundation Seamounts; the Tuamotu Plateau and Austral Islands; the Line Islands, the Gilbert Ridge and the Mid-Pacific Mountains; and the Shatsky and Hess rises. An on-ridge setting is generally consistent with what is known about the age of these features and the underlying crust. The Easter/Salas y Gomez ridge and Foundation Seamounts, for example, are 0-22 Ma and appear to have been emplaced on 2 -10 Myr oceanic crust [O'Connor et al., 1998 ]. Maia and ArkaniHamed [2002] suggested these features formed at the intersection of the Pacific-Antarctic ridge with a hot spot. The Ducie Island/Easter ridge, which is conjugate to the Easter/Salas y Gomez ridge, probably formed in a similar tectonic setting. There is, however, no clear hot spot age progression along these ridges. It has been proposed that the ridges may have formed by magma leaking either along preexisting lines of weakness [Bonatti et al., 1977; Searle et al., 1995] or subduction-induced tensile cracks [Sandwell et al., 1995] . The Tuamotu Plateau has few sample ages, but Patriat et al. [2002] concur with the earlier suggestions of Figure 10 . Scatterplot of the best fit T e derived from bathymetric prediction against age of the oceanic crust at sample sites in the Pacific, Indian, and Atlantic oceans. The best fit T e is based on R = 200 km and an adjusted density. The sample sites are based on the work by McDougall and , Koppers et al. [2003] , Davis et al. [2002] , Koppers and Staudigel [2005] , and Clouard and Bonneville [2001] in the Pacific and O'Connor et al. [1999] and Watts [2001] in the Indian and Atlantic oceans. The age of the oceanic crust is from Müeller et al. [1997] . (left) T e against age of oceanic crust. (right) T e against the square root of age of oceanic crust. The upper envelope in each plot corresponds approximately to the depth to the 450°C isotherm, based on the plate cooling model of Parsons and Sclater [1977] . N is as defined in Figure 9 . Watts et al. [1980] that the plateau formed at or near the paleo-East Pacific Rise. The Austral Islands range in age from 3.7 to 39.6 Ma, but most ages cluster in the range 26-32 Ma, suggesting that the bulk of the islands formed on 8 -24 Myr seafloor on or near a ridge crest [McNutt et al., 1997] . However, the range of sample ages suggests a less voluminous veneer of volcanism at the Austral islands that may be off ridge [McNutt et al., 1997] . An on-ridge setting is also suggested for the Gilbert Ridge which ranges in age from 64 -72 Ma and was emplaced on 63-81 Myr crust [Koppers and Staudigel, 2005] . More difficult to reconcile are the Line Islands which range in age from 68 to 86 Ma and so were emplaced on 14-52 Myr oceanic crust [Davis et al., 2002] . These ages are more indicative of a flank ridge, or even off-ridge, tectonic setting than an onridge one. One possibility is that the Line Islands, like the Austral Islands, have experienced a prolonged history of volcanism, such that T e reflects a large-volume early event while the sample ages reflect a small-volume later event. An on-ridge setting for the Shatsky Rise and Hess Rise, however, is in better agreement. The Shatsky Rise ranges in age from 132-146 Ma and formed on or near an Early Cretaceous RRR triple junction [Sager and Han, 1993] while the Hess Rise ranges in age from 89-97 Ma and Figure 11 . Plot of the best fit T e derived from bathymetric prediction against age of the oceanic crust at the time of loading at sample sites in the Pacific, Indian, and Atlantic oceans. The sample sites are the same as those used in Figure 10 formed on or near a Middle Cretaceous R-R-R triple junction [Clouard and Bonneville, 2001] .
[58] Interspersed among the on-ridge seamounts in the Pacific are off-ridge and flank ridge features (Figure 14) . The most prominent off-ridge feature is the Hawaiian Ridge, which ranges in age from $0 -43 Ma and was emplaced on 47-90 Myr oceanic crust [Clague and Dalrymple, 1987] . Other off-ridge features are found in the Magellan seamounts and Marcus Wake guyots. The Magellan seamounts range in age from 80 to 100 Ma and were emplaced on 50-70 Myr oceanic crust [Koppers et al., 1998 ] while the Marcus Wake guyots range in age from 78-126 Ma and were emplaced on 29-77 Myr oceanic crust. These ages are compatible with an off-ridge setting.
[59] The most prominent flank ridge features are the Marquesas Islands, the Cross-Line trend, and the Society Islands. The Marquesas Islands range in age from 1 to 5 Ma and were emplaced on 49-54 Ma oceanic crust. The age of the Cross-Line trend is uncertain, but the late Eocene (36 -40 Ma) age of Schlanger et al. [1984] suggest they were emplaced on 26-59 Ma oceanic crust. The Cross-Line trend is therefore younger than the Line Islands ridge and so a flank ridge setting is reasonable, given that the Line Islands are mostly on ridge. The Society Islands are 0 -4 Ma and were emplaced on 61-85 Myr oceanic crust [White and Duncan, 1996] suggestive of an off-ridge rather than a flank ridge setting. However, as Natland and Winterer [2005] have pointed out, the Society Islands, like the Marquesas Islands, show some of the same ''cross-grain ridges'' as the Cross-Line trend. The sample ages may therefore reflect small-volume recent volcanism while the T e reflects a largevolume early event (in this case, late Eocene) along preexisting lines of weakness.
[60] A special feature of the Pacific is that the same geological province may be characterized by one or more settings. For example, the Musician seamounts yield onridge and flank ridge settings while the Tasmantid seamounts show flank ridge and off-ridge settings. The Musician seamounts range in age from 82 to 96 Ma and were emplaced on $0 -30 Myr oceanic crust [Kopp et al., 2003] while the Tasmantid seamounts range in age from 6.4 to 24.0 Ma and were emplaced on $36 -64 Myr oceanic crust [McDougall and Duncan, 1988] . Both sets of observations are consistent with a mixed setting. Probably the most striking example of a mixed setting is the Mid-Pacific Mountains. Here, off-ridge and particularly flank ridge and Figure 12 . Plot of the best fit T e derived from bathymetric prediction against age at sample sites in the Pacific Ocean. (left) Plot of T e against age of the oceanic crust at the time of loading, (middle) plot of T e against the square root of age of the oceanic crust at the time of loading, and (right) the distribution of the sample sites. Open squares, sites from the French Polynesia, Foundation Seamounts, Marshall/Gilbert Islands, and the Line Islands. Open triangles, sites from the Cobb/Kodiak seamount chain and the Japanese seamounts. Solid circles, all other data. Grey shading, N and r are as defined in Figures 9 and 11 . The ellipses show clusters of sample sites where T e is lower than expected for the 300-600°C isotherm range. on-ridge settings are juxtaposed. The age of the seafloor in the region is in the range 160 -170 Ma which implies volcanism over a long time interval, as indeed appears to have been the case from the few sample ages that are available.
[61] When compared to the Pacific, the Indian Ocean has a small number of T e estimates. Nevertheless, it shows examples of all three types of tectonic setting. The most prominent on-ridge features are the Ninetyeast and ChagosLaccadive ridges. The Ninetyeast ridge ranges in age from $80-38 Ma [Duncan, 1991] and is generally considered to have formed when the Kerguelen hot spot was centered on the paleo-Southeast Indian Ridge. The Chagos-Laccadive ridge ranges in age from $45 to 57 Ma [Duncan and Hargaves, 1990] and is believed to have formed when the Reunion hot spot was centered on the paleo-Southwest Indian Ridge. The segmentation of the on-ridge estimates (Figure 14) suggests, however, asymmetry in the thermal properties of the paleo-Indian ridge or, more likely, temporal shifts in the relative location of the ridge crest and hot spot.
[62] Other, more persistent, on-ridge features in the Indian Ocean include the Mascarene Plateau, Madingley Rise, Amsterdam -St. Paul Plateau, Rodriguez Island, Marion Dufresne Rise, and Conrad Rise. The Mascarene Plateau and Madingley Rise are conjugate to the northern part of the Chagos-Laccadive ridge and so together may have formed a large volcanic plateau before seafloor spreading between the Seychelles and western India separated them. The Amsterdam -St. Paul Plateau is located on young seafloor ($10 Ma) at a transform offset of the Southeast Indian Ridge and is historically active [Johnson et al., 2000] . Rodriguez Island is 8 -10 Ma and was emplaced on 10-12 Myr oceanic crust, although probably not on a transform. Both sets of ages are therefore consistent with an on-ridge setting. More enigmatic is the on-ridge setting for the Marion Dufresne and Conrad Rise. These features are located south of Crozet Island on 75-90 Ma oceanic crust, but little is known about their age. An on-ridge setting suggests an age that is a little older than the Afansay-Nikitin rise ($80 Ma) which is believed to have formed [Curry and Munasinghe, 1991] when the Crozet hot spot was centered on the paleo-Southwest Indian Ridge.
[63] The Indian Ocean is characterized by a number of off-ridge features. Most of these features, however, are located on the crest of the flexural bulge seaward of the Java-Sumatra trench. Christmas Island, for example, is Late Cretaceous to Eocene [Woodroffe, 1988] in age and formed on 25 -50 Myr oceanic crust [Exon et al., 2002] . We obtained 29.8 25.7 42.4 (R = 200 km) for Christmas Island, which is higher than expected based on these age data. When we decreased R to focus more on the island than the bulge, we did not obtain a RMS minimum. However, a nearby seamount (longitude 104.283, latitude À11.517) yielded 28.4 23.8 40.2 km (R = 200 km) and 19.1 16.7 21.2 km (R = 50 km). This lower value is more compatible with the sample and crustal age data. The Afansay Nikitin seamount is located at the southern terminus of the 85°E ridge [Curry and Munasinghe, 1991] and so should not have been influenced by the bulge. According to Krishna [2003] the seamount formed during the Late Cretaceous, on $35 Myr oceanic crust, suggesting a flank ridge rather than an off-ridge setting. We obtained seven T e estimates at Afansay Nikitin seamount, one of which was flank ridge. Of the remainder, four decreased and two increased when we used a smaller R. The maximum decrease in T e , however, was only 5 -7 km. Our result of a flank ridge setting is therefore robust and suggests that at least part of the seamount and its superimposed rise is younger than Late Cretaceous. More clearly off ridge is Reunion which is <2 Ma [McDougall, 1971] and was emplaced on 56-58 Myr oceanic crust [Charvis et al., 1999] . We obtained 34.9 26.7 49.9 km at Reunion, consistent with the sample and crustal ages. Also off ridge, although less clearly so, are Mauritius and Crozet Island. Mauritius is 8-10 Ma [McDougall, 1971] and was formed on 40-42 Myr oceanic crust while Crozet Island is a Pleistocene shield volcano [Gunn et al., 1970] that was emplaced on 70 Myr oceanic crust. We obtained 20.0 16.8 30.4 km and 21.9 20.0 25.9 km at Mauritius and Crozet Island, respectively, which is generally consistent with the sample and crustal ages.
[64] A feature of the Indian Ocean is the large number of flank ridge settings. The Nazareth Bank, Seychelles Bank, Maldives/Bombay Ridge, and Chagos Bank in the western Indian Ocean, for example, all yield flank ridge settings. The Seychelles Bank is a granitic ''microcontinent'', but Nazareth Bank (along with the intervening Mascarene Plateau and Saya de Malha Bank) was probably formed during the Eocene/Oligocene by volcanism along the Reunion hot spot track [Duncan and Hargaves, 1990] . Therefore the flank ridge setting reflects the movement of the Carlsberg Ridge, which began separating Seychelles and west India $40 Ma, off the hot spot due to the northward motion of the Indian-Australian plate.
[65] The Atlantic, like the Indian Ocean, is characterized by a mix of settings. In the south Atlantic, most of the seamounts, banks and rises that compose the Walvis Ridge and the northern part of the Rio Grande Rise are on-ridge. These features formed at the intersection of the south Atlantic ridge with a hot spot that is now centered on Tristan da Cunha and Gough Island [O'Connor and Duncan, 1990] , compatible with an on-ridge setting. Other on-ridge features include the St. Helena seamounts, Discovery seamount, Meteor Rise and the Shona Ridge. The St. Helena seamount chain, like the Rio Grande Rise and Walvis Ridge, probably formed at a hot spot influenced ridge [O'Connor et al., 1999] , compatible with an on-ridge origin. The origins of Discovery seamount [Kempe and Schilling, 1974] , Meteor Rise and the Shona Ridge [Moreira et al., 1995] are unclear, but their close proximity to the R-R-R Bouvet triple junction is consistent with an onridge setting. The western South Atlantic is dominated by flank ridge estimates. These include the Columbia, Stocka, Perembuco and Atol das Rocas seamount groups offshore the eastern Brazil continental margin. Unfortunately, few of these features have been dated.
[66] In the North Atlantic, the Cruiser seamounts, the conjugate Corner Rise, and the Milne Mounds are all on ridge. These features are believed to have formed at the interaction of the Mid-Atlantic Ridge with a hot spot that is now centered just to the east of the ridge crest at the Azores [Gente et al., 2003] and so are compatible with an on-ridge setting. The Great Meteor seamount is flank ridge, confirming the earlier suggestion of Verhoef [1984] that it formed further from the ridge crest than its immediate neighbor, the Cruiser seamount. The eastern North Atlantic is dominated by off-ridge settings. They include Madeira, Canary, and Cape Verde, all of which are associated with Neogene and younger volcanism [Carracedo et al., 1998; Stillman et al., 1982] . Although there is evidence of older volcanism in both the Canary and Cape Verde islands, most workers consider that the bulk of the islands are <20 Ma and that they were emplaced on old (>120 Myr) oceanic crust, compatible with an off-ridge setting.
Discussion
Distribution of Volcanism Through Space and Time
[67] Previous studies at individual seamounts and oceanic islands [e.g., Watts, 1978; Caldwell and Turcotte, 1979; Lago and Cazenave, 1981; Calmant et al., 1990; Wessel, 1992; Watts and Zhong, 2000] suggest that T e is dependent on the age of the oceanic lithosphere at the time of loading and is given approximately by the depth to the 300 -600°C oceanic isotherm. Our estimates of T e at the sample sites where age is known (e.g., Figure 11 ) suggest, however, that there is no single controlling isotherm that describes all the data. Therefore it may not be possible to use the global T e data set to estimate age.
[68] We can, however, consider the on-ridge estimates since their age should reflect the age of the underlying oceanic crust. The entire on-ridge database could be used, that is, estimates in the range 0 < T e < 12 km. However, Figure 11a suggests that some of these estimates have formed on oceanic crust as old as 100 Ma and therefore maybe more off ridge than on ridge. A better range might therefore be a more limited one. We therefore chose a range of 0 < T e < 8 km since Figure 11a shows that a majority of these estimates formed on young oceanic crust, in the range 0-30 Ma.
[69] Figure 15 shows histograms of the age of the onridge estimates. Two histograms are shown: one of the entire data set (Figure 15a ) and one of a limited data set (Figure 15b ). Both histograms show similar patterns. Onridge volcanism is widely distributed throughout the Cenozoic and Mesozoic. There is a prominent peak at $90-125 Ma (Albian-Aptian). Other peaks in volcanism occur at $10 Ma (late Miocene) and $50 Ma (early Eocene). The timing of the prominent peak is similar to the one deduced by Wessel [2001] from free-air gravity anomaly amplitudes and seamount limiting heights.
[70] Figure 15c shows the temporal distribution of the limited on-ridge data set. The solid triangles show on-ridge estimates in time slices of 120 -160, 80 -120, and 40-80 Ma. The crosses show those sample ages in the Koppers et al. [2003] , Davis et al. [2002] , Koppers and Staudigel [2005] , and Clouard and Bonneville [2001] databases that fall within each time slice. Figure 15c shows that on-ridge volcanism was usually accompanied by flank ridge and off-ridge volcanism in the plate interior. The activity was most intense during 80-120 Ma when much of the paleo-East Pacific Ridge crest was active and there was significant off-ridge volcanism as expressed in what now comprises the Magellan, Geologists, Marcus-Wake, and Japanese seamounts.
Testing the Fixed Hot Spot Hypothesis
[71] There has been much debate recently concerning the fixed hot spot hypothesis and its ability to explain the distribution of submarine volcanism through space and time. The focus of the debate has been on the Pacific Ocean where it has been clear for some time [Bonatti and Harrison, 1976; Epp, 1984; Jackson and Shaw, 1975 ] that the fixed hot spot hypothesis, while it elegantly explains the progressive increase in age along the Hawaiian Ridge, is unable to explain all the patterns of volcanism that are observed. Since T e is a proxy for tectonic setting, it may therefore provide an independent way to test the hypothesis.
[72] To examine this further, we have used bathymetric prediction to estimate T e along the Foundation seamount chain in the south central Pacific. Existing age [O'Connor et al., 1998 [O'Connor et al., , 2002 , T e [Maia and Arkani-Hamed, 2002] , and submarine morphology data are consistent with the formation of these seamounts at a hot spot-influenced paleoPacific-Antarctica ridge crest. If this is correct, then the younger eastern end of the chain should have formed on young seafloor while the older western end should have formed on old seafloor.
[73] Figure 16 compares the estimated T e based on bathymetric prediction to the expected T e based on the fixed hot spot hypothesis. Figure 16 shows a plot of the estimated and expected T e against distance from the inferred position of the hot spot that generated the Foundation seamount chain. T e has been estimated at each seamount digitized from the predicted bathymetry maps of Smith and Sandwell [1994a] by Koppers et al. [2001] . We show the RMS difference between observed and predicted bathymetry at each seamount, together with the best fit T e and its lower and upper bounds. The expected T e is based on a controlling isotherm of 200°C which is lower than normally assumed in flexure studies. However, it is the same controlling isotherm as was deduced by Maia and Arkani-Hamed [2002] at the young (<5 Ma) end of the chain. The distance has been computed by projection along a small circle about the Hawaiian stage pole (latitude 67.017, longitude 294.467). Figure 16 shows that the expected T e should increase away from the Pacific-Antarctica ridge crest as the age difference between the age of the seamount and the underlying oceanic crust increases, and then decreases as the seamounts cross from the older to the younger side of an unnamed fracture zone between the Resolution and Mocha fracture zones [Maia and Arkani-Hamed, 2002] . This pattern in the expected T e is repeated in the estimated T e . We conclude therefore that our estimates of T e derived from bathymetric prediction are in accord with the hot spot hypothesis, at least along the Foundation seamount chain.
[74] Of interest is to determine whether it might be possible to use our T e estimates to resolve between the hot spot hypothesis and the competing ''line of volcanism'' hypothesis. We show in Figure 16 , for example, the T e expected for two cases: one where the volcanism is the same age (0 Ma) along the entire length of the chain and the other where the age increases from 0 to 5 Ma and is then constant with age. In both cases, T e increases with age because loading occurs on progressively older seafloor. Figure 16 shows, however, that neither case can account for the T e derived from bathymetric prediction. Only the hot spot hypothesis can explain the predicted T e . Therefore bathymetric prediction has the potential to discriminate between the two competing hypotheses, especially at seamount chains that are emplaced on young oceanic lithosphere where the change T e is expected to be the greatest.
Addition Rate of Seamounts Through Time
[75] The Wessel [2001] global database includes information on the size of seamounts, banks and rises and so can be used, together with our new T e estimates, to calculate the volume and, possibly, the rate of addition of submarine volcanism through space and time.
[76] We calculated the volume using estimates of seamount base radius and height from Wessel [2001] and the formula for the volume of a frustum. The total volume of Figure 17 . Global seamount and oceanic plateau addition rate through time and its relationship to changes in the seawater strontium and foraminiferal oxygen 18 isotope record and sea level. The global seamount addition rate is based on volume and age estimates at those sites where 0 < T e < 12 km. The oceanic plateau addition rate is based on the work by Schubert and Sandwell [1989] and Larson [1991] . Note that the Schubert and Sandwell [1989] rate is based on volumes of oceanic plateaus above normal seafloor depth (i.e., their V1 and V2) while the Larson [1991] rate is based on volumes of Schubert and Sandwell [1989] with the addition of the crustal root and potential symmetric twin plateaus. The strontium isotope record is based on the work by Jones and Jenkyns [2001] , and the oxygen 18 isotope record is based on the work by Zachos et al. [1994] and Poulsen et al. [2003] . the 9758 seamounts that yielded a T e estimate is 7.8 Â 10 6 km 3 , the largest contribution to which (71%) comes from the Pacific. This compares to the volume of 10.0 Â 10 6 km 3 that would have been obtained if we had used all the seamounts in the database. This volume does not include any material that may infill the flexural depression or that may have underplated the flexed oceanic crust.
[77] While these volumes are significant, they are small when compared to the magmatic material that is produced at mid-ocean ridges and oceanic plateaus. The volume of oceanic crust that has been created at mid-oceanic ridges is 1448 Â 10 6 km 3 [Cogne and Humler, 2004] while the volume of material that has been added to the surface and base of the oceanic crust at the oceanic plateaus is 33.1 Â 10 6 km 3 [Schubert and Sandwell, 1989] .
[78] Nevertheless, the rate at which seamounts have been added to the top of the oceanic crust might be significant. Figure 17 shows the addition rate as a function of time for the limited on-ridge data set and compares it to other geophysical and geochemical proxies. Figure 17 shows a general agreement between the seamount addition rate and the oceanic plateau addition rate, as computed by Schubert and Sandwell [1989] and Larson [1991] . Both rate calculations show an increase at $120 Ma and then a decrease to the present-day. The main difference is that the seamount addition rate is higher prior to $120 Ma than it is subsequently, while the oceanic plateau rate is less. However, this may be a result of the lack of information on past oceanic plateaus and seamounts, such as those associated with Tethys and other oceans that have long since closed.
[79] The general decrease in seamount and oceanic plateau addition rate since $80 Ma correlates with a decrease in global sea level and, interestingly, an increase in seawater strontium and foraminiferal oxygen stable isotopes. The increase in seawater 87 Sr/ 86 Sr has been interpreted in terms of a decrease in hydrothermal activity [Jones and Jenkyns, 2001] while the increase in foraminiferal d
18
O ratios has been interpreted in terms of a decrease in sea surface water temperature [Zachos et al., 2001] . These correlations suggest some link between submarine volcanism, hydrothermal activity, and sea surface water temperatures. Despite their small volumes, compared to oceanic plateaus, seamounts are important because of their wide distribution, tall pedestal heights and steep, unstable, slopes. Indeed, there is evidence that seamounts might influence such diverse phenomena as hydrothermal circulation [Harris et al., 2004] , mesoscale eddies [Hogg, 1980] , and biological activity [Rogers, 1994] . Therefore any attempt to seek links between tectonic activity (e.g., rifting) and the history of the Earth's climate should, we believe, also take into account seamounts and their distribution through space and time.
Conclusions
[80] We draw the following conclusions from this study:
[81] 1. The gravity field derived from satellite altimeter data can be used to predict global bathymetry for different values of the elastic thickness of the oceanic lithosphere, T e .
[82] 2. By comparing the predicted bathymetry to shipboard bathymetry measurements we have obtained 9758 estimates of T e at seamounts, banks and rises in the Pacific, Indian, and Atlantic oceans.
[83] 3. Estimation of T e at the same localities as previous studies shows that bathymetric prediction is a robust way to estimate T e and its lower and upper bounds.
[84] 4. Estimation of T e at 291 sites of known sample and crustal age, however, shows that there is no simple relationship between T e and age, and no single controlling isotherm that describes all the data.
[85] 5. The average density and T e of the 9758 estimates is 2810.6 ± 148.5 kg m À3 and 18.4 ± 11.0 km, respectively. We attribute the high standard deviations to the wide range rock types and tectonic settings associated with submarine volcanism.
[86] 6. The Pacific, Atlantic, and Indian oceans are characterized by a mix of tectonic settings such that seamounts that formed on ridge are in close proximity to flank ridge and off-ridge seamounts.
[87] 7. The highest concentration of on-ridge seamounts is in the south central and western Pacific. Interspersed among the on-ridge estimates are flank ridge and off-ridge estimates. Off-ridge settings dominate in the eastern North Atlantic, while flank ridge settings dominate the northwestern Indian and western South Atlantic oceans.
[88] 8. By assuming that T e at the on-ridge estimates reflect the age of their underlying oceanic crust, we have estimated the age of >1500 seamounts.
[89] 9. The volcanism shows peaks in activity during the Early/Late Cretaceous, early Eocene, and Miocene.
[90] 10. The rate of on-ridge seamount addition appears to have decreased with time, from a peak of 0.012 km 3 yr
À1
during the Late/Early Cretaceous to only $0.002 km 3 yr
at the present-day. These rates are small, however, when compared to the rate of addition of oceanic plateaus (2.3 km 3 yr À1 ) and oceanic crust at mid-ocean ridges (18.1 km 3 yr
).
